We present a formulation of Quantum Electrodynamics in terms of an antisymmetric tensor gauge field. In this formulation the topological current of this field appears as a source for the electromagnetic field and the topological charge therefore acts physically as an electric charge. The charged states of QED lie in the sector where the topological charge is identical to the matter charge. The antisymmetric field theory, however, admits new sectors where the topological charge is more general. These nontrivial, electrically charged, sectors contain massless states orthogonal to the vacuum which are created by a gauge invariant operator and can be interpreted as coherent states of photons. We evaluate the correlation functions of these states in the absence of matter. The new states have a positive definite norm and do interact with the charged states of QED in the usual way. It is argued that if these new sectors are in fact realized in nature then a very intense background electromagnetic field is necessary for the experimental observation of them. The order of magnitude of the intensity threshold is estimated.
1) Introduction
An extremely interesting feature of many quantum field theories is the presence of topological sectors in the spectrum of quantum excitations. These, to use a broad definition, are characterized by the fact that they carry a charge which is associated to an identically conserved current rather than to one whose conservation stems from a global symmetry of the lagrangian, via Noether theorem. A general feature of this kind of excitations is the fact that their physical behavior cannot be decribed in terms of the lagrangian fields or even in terms of polynomials in these fields. This fact immediately rules out the possibility of any perturbative treatment of them.
There is a large diversity of systems in various number of dimensions displaying quantum topological excitations in their spectrum. Usually they are associated to finite energy classical solutions of the field equations, known generally as solitons, of which they are the quantum counterparts. In this case, the quantum solitons are massive, the quantum mass being of the order of the total energy of the classical solution. Well known examples are the kinks, Sine-Gordon solitons, vortices and magnetic monopoles [1, 11] There are, however, less known examples where the system possesses quantum topological excitations even though there are no corresponding classical finite energy solutions of the field equations. These occur, for example, in Z(4) symmetric systems of field theory or quantum statistical mechanics in two dimensional spacetime, whenever there are phases where the symmetry is partially broken down to Z(2) [11, 2] .
Quantum Electrodynamics in 3+1 dimensions is a theory which does not possess either classical or quantum topological excitations. In this work, however, we show that QED can be formulated as a particular sector of a theory for the antisymmetric tensor gauge field W µν . This field possesses a topological current which appears as source for the electromagnetic field. The topological charge, as a consequence, acts physically as an electric charge. The usual (matter) charged states of QED lie in the sector where the topological charge is identical to the matter charge. The theory, however, possesses new nontrivial topologically charged sectors which do not belong to QED. The charge of this states does not have its origin in matter. It is a state of the gauge field.
We construct a gauge invariant operator which creates the topologically charged excitations in the new sectors and compute its correlation functions in the absence of charged matter. These can be taken to describe the large distance regime of the correlation functions when charged matter is present. The long distance behavior of the correlation functions indicates that the new topologically charged states are massless and orthogonal to the vacuum. From the two-point function, one can also infer that the norm of these states is strictly positive definite. The new toplogically charged states interact among themselves as well as with the usual matter charged states in the usual way as described by QED. When we express their creation operator in terms of the electromagnetic field we see that they can be interpreted as a coherent state of photons.
There is a two-dimensional system which presents a very similar structure as our four-dimensional theory for the antisymmetric tensor gauge field. This is the free real massless scalar field in 1+1 D. The main features of this theory are reviewed in Section 2. An important difference of the system considered here from the twodimensional analog is the fact that for a certain value of the topological charge there are asymptotic states interpolated by the creation operator of topological excitations.
This fact allows us to determine the value of the topological charge quantum.
It may well happen that the more general formulation of QED which admits these new charged sectors is simply not realized in nature. If, on the other hand, the contrary is true, we argue that an extremely strong background electromagnetic would be required for the observation of the new states. We make an estimate of the order of magnitude of the threshold magnitude of the intensity of this background field.
In Section 3, we present the formulation of QED in terms of the antisymmetric tensor gauge field. In Section 4, we introduce the creation operator of the quantum topological excitations. In Section 5 we compute the correlation functions of this 
2) An Analogous System in 1+1 D
Let us review in this section an extremely simple system which presents essentially the same features as the antisymmetric tensor gauge field theory we found to be associated to QED in 3+1 D. This is the real massless scalar field in 1+1 D :
This field possesses an identically conserved topological current
In terms of it the field equation 2φ = 0 can be written as
This admits the operator solution
No polynomial in φ or its derivatives can create states carrying the topological charge Q = dxJ 0 . Nevertheless, if we introduce the operator
it is easy to see, by using canonical commutation relations, that
This shows that σ creates states bearing b units of the topological charge Q in spite of the fact that the theory possesses no classical soliton solutions. In the above expressions, b is an arbitrary real parameter.
The topologically charged states will have nontrivial interactions even though the original theory is free. We can figure out what this interaction will be by simply writing the original lagrangian in terms of J µ :
This indicates that the topological states will have a Thirring-like interaction which is known to be the correct one.
We can easily compute the σ euclidean correlation functions to be
The long distance behavior of this implies that < σ >= 0 and therefore the sigma operator creates nontrivial states orhtogonal to the vacuum. Going to euclidean space and taking the limit x → y we can see that the norm of the σ states is strictly positive, in spite of the fact that the quantization of the free massless scalar field in to dimensional spacetime requires a Hilbert space with an indefinite metric [3] . We are going to see that the theory of the antisymmetric tensor gauge field we are going to introduce in 3+1 D in connection to QED presents a structure quite similar to the one just described.
3) QED Formulated as a Theory for the Antisymmetric Tensor Gauge Field
Let us show in this section that QED can be formulated as a particular sector of a theory for the antisymmetric (Kalb-Ramond) tensor gauge field. Let us start by the case in which matter is absent. Consider the following theory for the antisymmetric tensor gauge field W µν :
where W µνα = ∂ µ W να + ∂ ν W αµ + ∂ α W µν is the field intensity tensor of the antisymmetric field. The kernel in (3.1) is
All over this paper, of course, multiplication by 2 −1 is understood in the convolution sense. The topological current of the W µν field is given by
The field equation associated to (3.1) is
We can rewrite this in terms of the topological current as
We immediately see that we can obtain an operator solution for J µ in terms of a free masless scalar field
Since J µ has dimension 3, it follows that χ is a noncanonical massless free field. We can express J µ in terms of a canonical masless free field φ by using the pseudodifferential operator (−2) 1/2 :
Using 2φ = 0, it is clear that clear that
As in our two-dimensional example, no polynomial in the field intensity W µνα can create states carrying the topological charge Q = d 3 xJ 0 . Nevertheless, we are going to see in the next section that it is possible to construct an operator, analogous to the σ-operator of the last section, which is going to create the topologically charged states.
As before, let us try to see what kind of interaction the topological charge carrying states will have. In order to do this, let us express the L W lagrangian in terms of the topological current. Using (3.1) and (3.3) we get
which is exactly the effective electromagnetic interaction between charged particles associated with a current J µ which would be obtained in QED upon integration over the elctromagnetic field. For static point chrges, for instance, the energy corresponding to (3.9) is the 1/r Coulomb potential energy. We see that the topological charges present an electromagnetic-like interaction among themselves. This fact justifies our peculiar form of the lagrangian L W containing the kernel 2 −1 .
The fact that we can describe the properties of QED through a theory like the one given by L W , however, only becomes evident when we couple the W µν -field with the charged matter current j µ in the following way:
where q is the charge coupling constant of matter.
In order to get the effective interaction of the matter current generated by (3.10), let us consider the euclidean functional integration over W µν in (3.10):
In the above expression L GF W is the gauge fixing term, given by
where
and ξ is gauge fixing parameter and D µναβ is the euclidean propagator of the W µν field:
where ∆ µναβ = δ µα δ νβ − δ µβ δ να . Inserting (3.13) in (3.11) we see that only the first term of (3.13) contributes to (3.11) . Using the fact that j µ is a conserved current, we get
The effective interaction Z[j µ ], given by ( 3.14) is precisely the one which is generated by Maxwell QED upon integration over the electromagnetic field. We therefore conclude that the theory given by ( 3.10) does describe the same interaction of the charged matter coupled to the antisymmetric field as does Maxwell QED.
The field equation associated with ( 3.10) is
We can reexpress this in terms of the topological current as
by using the identity
From (3.16) it is clear that we can obtain an operator solution for J µ in terms of the matter current and a free massless scalar field:
where 2χ = 0. As before, we could express J µ as well in terms of a canonical free massless field.
Let us express now the W µν field directly in terms of the electromagnetic field.
We see that L I can be put exactly in the form of a minimal coupling of j µ with the electromagnetic field A µ , by defining (in the Lorentz gauge,
This can also be written in the equivalent form
The equivalence between (3.19) and (3.20) is another form of the identity (3.17). We could also obtain (3.19) and (3.20) as field equations provided we make the substitu-
in L I , eq. (3.10), obtaining thereby
Observe that (3.21) is precisely the relation between j µ and A µ one would obtain from QED in the Lorentz gauge.
If we substitute ( 3.19) in ( 3.16) we get
which can be thought of as a generalized form of the Maxwell equations. The general operator solution of (3.23) is
where 2χ = 0. We could also have obtained (3.24) by inserting (3.19) in (3.18).
We see from ( 3.23) that ( 3.10) provides a description of the electromagnetic interaction which is more general than the one of QED because it admits solutions of the type ( 3.24) which contain the additional χ dependent term. The usual states of QED lie in the sector where J µ = qj µ , that is, the vacuum sector of the free scalar field χ. In the W µν -field formulation, however, we have new nontrivial sectors for which the topological charge is nonzero even in the absence of matter, for instance. For these states, the charge associated with J µ = ∂ µ χ would be nonzero. The topological current of the W µν -field appears as a source for the electromagnetic field. Since the solution for J µ , eq. (3.18) contains a piece which is independent of the matter charge, we see that this formulation of QED admits new charged sectors which are not related to matter.
We can ask ourselves at this point about the interaction between these new topologically charged states and the usual charged matter states of QED. Observing that the interaction lagrangian can be written as
we conclude that the topological states would interact with the charged states of QED in the usual way. Also, they would emit electromagnetic radiation in the same way as the charged states of QED.
The quantization of theories having nonlocalities of the type appearing in (3.1)
has been studied in detail in [4] for an arbitrary power of −2. There it is shown that these theories are well behaved and sensible. The particular lagrangian L W considered here, where the power is -1 is actually local since it is a mass term for the transverse part of W µν .
In the next section we are going to show that despite the absence of finite energy solutions carrying the topological charge we can construct an operator, analog to the σ-operator of our two-dimensional example, which is going to create the states in the new nontrivial toplogical sectors.
4) The µ Operator
In this section we are going to introduce the operator which will create the states in the nontrivial toplogical sectors of the W µν -field theory. This belongs to a class of operators which was introduced in two, three, and four dimensional spacetime as the creation operators of the respective topological excitations, namely− kinks, vortices and magnetic monopoles [6, 7, 8, 9] . The method of construction of these operators relies on the fact that the operator which creates the topological excitations of a certain theory must behave as a disorder variable and therefore be dual to the basic lagrangian fields. As a consequence, these operators must satisfy a certain orderdisorder or dual algebra with the lagrangian fields [11] .
A basic ingredient in the construction of topological excitations creation operators is always [11] a singular external field which, when coupled to the dynamical fields produces the desired operator. In the present case, the external field is the antisymmetric tensor
where b is an arbitrary dimensionless real parameter and Φ ν = (0, 0, 0, This surface is depicted in Fig. 1 and consists of a piece of sphere of radius ρ centered at x (0 ≤ θ ≤ π − δ) superimposed to an infinite trunk of cone with vertex at x and angle δ (cut a distance ρ cos δ from the tip) with axis along θ = π. In the region T x (S), the vector Φ satisfies the following useful identity
The µ−operator is constructed in the following way
whereÃ µνα is the field intensity tensor ofÃ µν . The operator µ is in principle nonlocal, depending on the hypersurface T x (S). Nevertheless, as it happens in the case of the above mentioned related operators [6, 9] all the hypersurface dependence of the µ correlation functions can be eliminated by the introduction of a renormalization factor whose form is uniquely determined only by the requirement of hypersurface invariance.
The parameters ρ and δ will be used as regulators which will be eliminated at the end of the calculations.
Inserting ( 4.1) in ( 4.3) and observing that the surface element in ( 4.1) only possesses the 0-component nonvanishing we get, after integration over z
We can also reexpress µ in terms of the electromagnetic field by using eq. ( 3.20):
The charge and topological charge densities, which are identified by ( 3.19) are given, respectively, by
Using a covariant (Lorentz) gauge quantization ( see [5] for instance) we get the
the electric field.
The commutator between µ and the charge density can be obtained by writing µ ≡ e A , using the expansion for e A Be −A , Eq.( 4.5) and the commutator [
where ρ(x) stands either for the charge or topological charge density.
Using the identity ∂ Another interesting commutator involving the operator µ is the one with the field W µν . From (3.19), we can express This field in terms of the electromagnetic field. In the Lorentz gauge (∂ µ W µν = 0), we have
From this and (4.5) we can obtain, along the same lines as we did for the charge commutator, the equal times relation
This shows that the operator µ has indeed the same kind of commutation relation with the lagrangian field as other topological excitation creation operators as the vortex [7] and magnetic monopole operators, for instance [8] . Observe that through commutation with W µν , the µ operator introduces a configuration having a nonzero topological charge.
Another interesting relation which can be obtained very in the same way as (4.10)
is the commutator of µ with the electric field:
In Appendix A it is shown that this implies
The vacuum expectation value of the electric field in the states created by µ is the field configuration of a point electric charge of magnitude b. This characterizes |µ(x) > as a coherent state of photons. Observe that the nonvanishing divergence of the above equation is guaranteed by the r.h.s. of ( 3.24) even in the absence of matter. This also shows that the states created by µ for which the charge b is different from the charge q do not belong to QED in spite of the fact that we can express the µ-operator in terms of A µ . They belong to the additional nontrivial sectors of the W µν -theory.
Let us remark at this point the similarity with the two-dimensional case studied in Section 2. Even though no polynomial in the lagrangian fields can create states carrying the topological charge we have an operator -µ in our case, σ in the twodimensional example -expressed nonperturbatively in terms of the lagrangian fields which do indeed create states bearing this charge. In the next Section, we are going to evaluate the two-point correlation function of µ.
5) The µ Correlation Functions
Let us compute in this section the euclidean correlation functions of the operator µ introduced above. We will consider the case in which matter is not present. Taking the expression of µ, Eq. ( 4.3), the lagrangian L W and going to euclidean space (in which we will work henceforth) we may write
where L GF is the gauge fixing term given by ( 3.12) andÃ µνα (z; x, y) =Ã µνα (z; x) − A µνα (z; y), the minus sign of the y-factor corresponding to the fact that we have µ † (y).
L CT is the above mentioned hypersurface renormalization factor to be determined below.
We see that < µµ † >= e F [Ãµν ] is the vacuum functional in the presence of the external fieldÃ µν . This property of the correlation functions of µ is common to all of the above mentioned topological charge bearing related operators [6, 7, 8] and follows from the general fact that topological charge carrying operators are closely related to the disorder variables of Statistical Mechanics [10] . Indeed, treating these operators as disorder variables one can demonstrate in general [11] that the µ operator correlation functions can be expressed in terms of the coupling of the lagrangian field to an external field likeÃ µν as in ( 4.3). One can also show in general [11] that the appropriate renormalization factor consists of the corresponding self-coupling of the the external field. Also here, we will see explicitly that the renormalization counterterm
will absorb all the hypersurface dependence of the correlation function, thereby making it completely local. We can understand the reason for this in the following way.
Neglecting the gauge fixing term for a while, we see that we can write
Now, let us make the change of functional integration variable
where Φ µ was introduced above and Θ 4 (V ) is the 4-dimensional Heaviside function with support on the 4-volume ∆V which is bounded by the hypersurface T x (S) and another arbitrary hypersurfaceT x (S), both of them limited by the surface S. It is easy to see that under (5.4) and (5.5) the hypersurface T x (S) in (5.3) will be exchanged byT x (S) (actually the general form of the extenal field A µ (z; x) contains a 4-volume term which vanishes whenever we choose the hypersurface to lie in the flat R 3 plane as we are doing here [7, 8] ). This fact clearly shows that the correlation function (5.3) becomes completely hypersurface independent with our choice (5.2) for the renormalization factor. When we take in account the presence of the gauge fixing term, we can still go through the same procedure above by just exchanging the singular gauge transformation (5.4) by the corresponding BRST transformation [7, 8] .
In what follows, we are going to see by explicit computation that the correlation function (5.1), with the choice (5.2) made for L CT , is indeed hypersurface independent.
Let us remark that in the presence of a matter coupling, in order to attain hypersurface invariance and therefore locality, by the arguments just exposed, one would have to add a j µ dependent piece to the operator µ. This, of course should not change the properties of the this operator studied in Section 4.
Before performing the functional integration in (5.1), let us observe that we can rewrite the linear term as
and
Integrating over W µν in ( 5.1) with the help of the euclidean propagator of this field, Eq. ( 3.13), we obtain
We immediately see that only the first term of (3.13) contributes to (5.9). In particular all the gauge dependence disappears. This happens because of the gauge invariant way in which the external field is coupled in ( 5.1). Using the identity
and performing the z and z ′ integrals in (5.9), we get
In this expression, terms of ( 4.4), ( 5.1) and (5.9). In (5.11), m is an infrared regulator used to control the the small k divergences of the inverse Fourier transform of 1/k 4 and γ is the Euler constant. We also introduced the ultraviolet cutoff |ǫ| in order to control the short distance singularities of
The r.h.s. in (5.11) contains two terms proportional to ∆ σλ and ∂ σ ∂ λ , respectively.
We are going to see that the second one is hypersurface independent and leads to a local correlation function. The first one is hypersurface dependent. We show in Appendix B that it is identical to S CT and therefore is exactly canceled.
Let us make now an important observation concerning the renormalization counterterm S CT which as we said is identical to the first term in (5.11). This contains two pieces: the crossed terms (with i = j) and the self-interaction terms ( with i = j).
In Appendix C we show that the crossed terms vanish. The self-interaction terms, on the other hand, diverge in this limit. We conclude therefore that the renormalization counterterm S CT contains only the unphysical self interaction terms. If the crossed terms were nonvanishing our renormalization procedure would be meaningless since it would be removing a nontrivial interaction.
Let us consider now the second term in (5.11). The derivatives ∂ (ξ)
can be made total because of the ǫ µναβ factors. Using the Gauss theorem we can transform the hypersurface integrals in surface integrals. Then, using the results of Appendix D, we immediately get
Note that the mγ factors cancel out. In a charge selection rule violating correlation function (like < µµ >, for instance) we would have the sign of the ln |x − y| term reversed and the mγ factors would no longer cancel, actually forcing the correlation function to vanish in the limit m → 0 and thereby enforcing the charge selection rule. The ultraviolet divergence at |ǫ| → 0 can be eliminated by a multiplicative renormalization of the field µ, namely
Using this we finally get
This is our final expression for the µ field euclidean two-point correlation function.
Observe that it is completely local. It is remarkably similar to the σ-operator correlation function (2.8) of the two-dimensional analog system. From the long distance behavior lim |x−y|→∞ < µ R (x)µ † R (y) >= 0, we can infer that < µ R (x) >= 0 and therefore that the states |µ(x) > , created by µ are orthogonal to the vacuum and therefore nontrivial. The power law decay of the correlation function on the other hand implies that these states are massless.
The form of the correlation function (5.14) implies that the norm of the states created by µ is positive definite. Indeed, going back to the Minkowski space, we have
This property shows that the states created by µ belong to the physical sector of the Hilbert space of the W µν theory even though they do not belong to QED which, in the absence of matter, constitutes the zero topological charge sector. Here again we find the analogy with the 1+1 D massless scalar field where the corresponding above mentioned σ operator creates states of positive norm in spite of the fact that the Hilbert space has indefinite metric.
Observe that the renormalization process used to obtain local correlation functions starting from the bare µ of course does not change the commutation rules of this field. We would like to stress that although the expression ( 4.5) of µ in terms of the electromagnetic field is well suited for the obtainment of commutation rules, the natural form of µ which combines with the renormalization counterterm L CT and the lagrangian L W in order to to produce local correlation functions is the one expressed in terms of W µν , Eq. ( 4.4).
An arbitrary 2n-point correlation function could be obtained in a straightforward manner by just inserting additional external fieldsÃ µν in an expression like ( 5.1).
They would be given by products of monomials of the type we found in < µµ † >.
In the presence of matter we would no longer be able to obtain an exact expression for the µ correlation functions because the integration over the matter fields could no longer be done exactly. Nevertheless, due to the well known infrared asymptotic freedom of QED we still may expect that the long distance behavior of < µµ † > will be the same. The result that the operator µ(x) creates massless states orthogonal to the vacuum, therefore, also holds in the presence of matter fields.
Before finishing this section, let us mention a well known operator which shares some of the properties of µ as the commutator with the charge operator, for instance. This is the Wilson line, exp{−i(b/4π) x A µ dx µ }. This operator is not appropriate because for it we would have nonvanishing string dependent crossed (i = j) interaction terms (see the remarks after Eq.( 5.11) and Appendix C) which would inevitably lead to a nonlocal correlation function.
6) Phenomenological Estimates
In this Section, let us try to infer something about the observational characteristics of the topological excitations we have just described. Of course all that follows would only be valid in the event the more general description of QED, based on the antisymmetric tensor gauge field, would in fact be realized in nature. This is by no means guaranteed by the present formalism.
6.1) The Quantum of Charge
The charge of the states created by µ is in principle not quantized since the parameter b, which determines the value of the charge of the states created by µ is arbitrary, in the same way as in the two-dimensional analogous system. There is, however, an important difference from the 1+1 D case. Considering the spectral representation of the µ correlation function
we immediately see that the spectral density is of the form
where λ, λ ′ and σ are constants.
The spectral density is in general a power function except for b = 4π when it is a delta function with support on a mass equal to zero. We therefore conclude that only for this value of b the µ-field really interpolates asymptotic states. We see that in this case, the µ-correlation function behaves at long distances as a free massless scalar field correlation function. In the above mentioned 1+1 D system, on the other hand, the spectral density of the σ-field correlation function has no delta function singularity for any value of b and therefore the asymptotic states associated with σ are absent from the spectrum.
Based on the above considerations and imposing the condition that the charged topological states should be observable asymptotically, we can fix their charge to be b = 4π. This, of course, is in the natural units system where the fine structure constant is e 2 /4π = 1/137 and the electron charge is e = (4π/137) 1/2 . The charge of these states, therefore can be expressed in terms of the electric charge as b = (4π137) 1/2 e.
It would be interesting to investigate whether some additional coupling to the W µν field − as it happens with the Sine-Gordon coupling in the case of the scalar field in 1+1 D − would produce a charge quantization for the topologically charged states.
This would have interesting consequences in the presence of matter where some insight could possibly be obtained on the quantization of matter charge since, as we saw, in this case there are sectors where the topological charge is identified with the matter charge.
6.2) The Intensity Threshold
Let us show here that the eventual observation of the charged topological states of the gauge field would require the presence of an extremely intense backgroud electromagnetic field. We can understand this by examining the expression (4.5) of µ in terms of the electromagnetic field and the correlation function (5.14). First of all, let us remark that we can add in (5.12) a ln ℓ 0 to both terms in the exponent. This will fix the scale of the large distance regime of the correlation function. We can therefore write and expand the µ correlation function (5.14) as
If we look at expression (4.5) for µ and expand the exponential which appears there, we immediately realize that the order n in the above expansion of the µ correlation function is nothing but the number of photons contributing to it. Hence, we can discover the minimal number of photons which is necessary to build up the coherent topological states by determining until what order N the terms in the expansion (6.3) give an important contribution.
Observe now that in the presence of matter − which is always the real situation, because at least the vacuum fluctuations of matter we can never remove − expression (6.3) represents the large distance regime of the µ correlation function. The only scale which fixes the magnitude of large distances is the electron Compton wavelegth λ e and therefore we make the identification ℓ 0 ≡ λ e in (6.3).
Using the value b = 4π which we found above and choosing |x − y| λ e ∼ 10 (6.4)
for the onset of the large distance regime we find that for n ≃ 14 the summand in (6.3) is of the order of 0.02 and decreases fastly for higher values of n. We conclude, therefore, that N ≃ 14 is the order of magnitude of the minimal number of photons needed to produce the topological states. These photons, however, must be within a region of linear dimension of the order of 10λ e , according to our choice (6.4).
The intensity of the background field is now readily estimated by using the formula
where E is the photon energy, c is the speed of light and V is the volume where the minimal number of photons should be. As we argued above, V ≃ 10 3 λ 3 e and N ≃ 14. Taking the photon wavelenght to be of the order λ ≃ 1µm [12] we get
To have an idea of how large this intensity is, we compare it to the intensity of the electromagnetic radiation at the surface of the sun which is of the order I ⊙ ≃ 6 × 10 3 watt/cm 2 . The fact that the threshold intensity is so high would preclude the production of the µ-states in ordinary processes like electron-positron annihilation, for instance. Laser fields of intensities of the order of the threshold we estimated here, however, can be constructed [12] . There is actually a projected experiment at SLAC in which high energy electrons are scattered by such a laser field [12] . This is precisely the kind of situation in which the charged topological excitations we studied here should be observed if it is indeed true that the formulation we introduced here is realized in nature.
7) Conclusion
We have seen that it is possible to introduce a new formulation of QED in terms of an antisymmetric tensor gauge field whose topological current appears as a source for the electromagnetic field. The charged states of QED lie in the sector where the topological current is identical to the charged matter current. There are, however, new nontrivial topologically charged sectors whose charge is not associated to matter but only to the gauge field. This charge would interact with the electromagnetic field and with the charged matter states of QED in the usual way described by QED. The topologically charged states are created by a gauge invariant operator and the long distance behavior of the correlation functions of this operator indicates that these states are massless. Imposition of the existence of the asymptotic states interpolated by the topological excitation creation operator fixes the value of their charge.
Of course it may well be that this more general formulation of QED is just not realized in nature. If, on the other hand, should it turn out to provide a correct description − in which event the topologically charged states would be possibly observed − an extremely intense background electromagnetic field (I ≃ 10 18 watt/cm 2 ) would be needed in order to produce them. Laser fields of this order of intensity can be obtained [12] . Scattering in the presence of such fields would be the ideal framework to test the validity of the formulation introduced here. We are presently computing the cross section for the photoproduction of a µ + µ − in the presence of such strong background fields [13] .
There are some interesting questions which arise in connection with these new topologically charged states: is there any mechanism of mass generation for them ?
What happens when we couple other fields like in the Electroweak theory, for instance ? What about the usual sectors where the toplogical charge is identical to the matter charge ? Could this formulation shed some light on the problem of quantization of matter charge ?
The results we found in this work indicate that electric charge, which is a physical quantity usually associated with matter can be obtained as an attribute of some coherent states of the gauge field itself. It is not inconceivable that other quantities like spin, mass, flavor, color and so on could be generated as well as properties of some peculiar states of the gauge fields in general. This would lead to the outstanding possibility of describing both matter and the fields which mediate its interactions within the same unified framework. We are sure this possibility is very far from what has been presented here but we hope it could be a step towards this end. 
